1. Introduction {#s0005}
===============

Fabry disease (MIM 301500) is an X-linked genetic disease caused by deficient activity of α-galactosidase A (GLA) [@bb0005], [@bb0010]. The lack of enzyme activity results in progressive accumulation of neutral glycolipids including globotriaosylceramide (Gb3) and globatriaosylsphingosine (Lyso-Gb3) in lysosomes of cells and body fluids. The disease is basically divided into two clinical phenotypes, the classic type and the later-onset one [@bb0015]. Affected males with the classic form usually exhibit little or no GLA activity, and acroparesthesias, angiokeratomas, hypohidrosis, and corneal opacities in childhood or adolescence. With advancing age, the occurrence of renal disorders, cardiac disease, and stroke leads to premature death in adulthood. On the other hand, affected males with the later-onset type, who have residual GLA activity, develop renal and/or cardiac disorders in adulthood without the childhood symptoms. The clinical manifestations in heterozygous Fabry females range from asymptomatic to severe due to random X-chromosomal inactivation [@bb0020]. Up to now, over 600 gene mutations on the *GLA* gene have been identified (<http://fabry-database.org/>) and it is thought that such genetic heterogeneity reflects the clinical and biochemical diversity of Fabry disease.

Since enzyme replacement therapy (ERT) is now available, many Fabry patients have been successfully treated with recombinant GLAs, if the treatment is started early [@bb0025], [@bb0030]. However, recent outcome survey analysis revealed that ERT is less efficacious when started after the disease has progressed to such as the occurrence of tissue fibrosis [@bb0035]. Considering the requirement of early therapy, neonatal and high-risk screening has been widely performed for an early diagnosis [@bb0040], [@bb0045], [@bb0050], [@bb0055], and it has become more and more important to elucidate the basis of Fabry disease and to identify parameters influencing the disease progression.

In this study, we measured GLA activity, GLA protein and Lyso-Gb3 in plasma samples from Fabry patients with various phenotypes and gene mutations, and examined the relation between them for an insight into the basis of the disease. Furthermore, we focussed on a subset of Fabry patients harboring p.R112H or p.M296I, because it has been reported that the plasma Lyso-Gb3 level in this group does not increase, the biochemical findings being different from other Fabry cases [@bb0060], [@bb0065], [@bb0070]. We tried to elucidate the pathogenesis of the specific cases.

2. Materials and methods {#s0010}
========================

2.1. Patients and samples {#s0015}
-------------------------

Plasma samples for measurement of the enzyme activity and protein concentration of GLA, and the Lyso-Gb3 concentration were obtained from 8 classic Fabry males, 12 later-onset Fabry males, 18 heterozygous Fabry females, and 30 healthy volunteers. The ages of the patients and their genotypes are summarized in [Table 1](#t0005){ref-type="table"}. This study involving human samples was approved by the Ethics Committees of Meiji Pharmaceutical University. All participants and/or their parents provided written informed consent to participation in this study.

2.2. Measurement of plasma GLA activity {#s0020}
---------------------------------------

GLA activity in plasma was fluorometrically measured using 4-methylumbelliferyl-α-[d]{.smallcaps}-galactopyranoside (Calbiochem, La Jolla, CA) as a substrate and N-acetyl-[d]{.smallcaps}-galactosamine (Sigma, St. Louis, MO) as an inhibitor of α-N-acetylgalactosaminidase (α-galactosidase B) with a Wallac 1420 ARVO MX multilabel counter (Parkin Elmer, Waltham, MA), at excitation and emission wave lengths of 355 nm and 460 nm, respectively [@bb0075].

2.3. Measurement of plasma GLA concentrations {#s0025}
---------------------------------------------

Measurement of GLA protein levels in plasma was performed by means of the immuno-polymerase chain reaction (PCR) assay method (designated as MUSTag for *M*ultiple *S*imultaneous *T*ag), as described previously [@bb0080]. Briefly, the monoclonal anti-GLA capture antibody was conjugated to Tosyl-activated Dynabeads M-280 (Invitrogen Dynal AS, Oslo, Norway) according to the manufacturer\'s protocol. The assay mixture including the anti-GLA capture antibody-conjugated magnetic beads and the oligo-DNA-labeled anti-GLA detection antibody in assay buffer (0.05% Tween-20, 0.45 M NaCl, 50 mM sodium phosphate, pH 7.4, and 10% goat serum) was mixed with the plasma samples in a 96-well plate for 2 h at room temperature with shaking. After the immune reaction, the beads were captured for 3 min with a 96-well Magnetic-Ring Stand (Applied Biosystems, Foster City, CA) and then washed 4 times with 200 μL/well of wash buffer (0.05% Tween-20, 0.5 M NaCl, and 20 mM Tris--HCl, pH 7.4). Then, the bound DNA was released by adding 30 μL of an *EcoRI* solution (10 U/mL) to each well. The released DNA was measured by means of quantitative real-time PCR to amplify and detect the oligonucleotides that were used for labeling the detection antibody. Standard curves were calculated from the results of measurement of recombinant GLA (agalsidase beta; Fabrazyme®, Genzyme, Cambridge, MA) diluted in plasma.

2.4. Measurement of plasma Lyso-Gb3 concentrations {#s0030}
--------------------------------------------------

Plasma Lyso-Gb3 was measured according to the method described previously [@bb0085]. Briefly, Lyso-Gb3 in plasma was extracted by means of Aerts\'s method [@bb0060]. Then, the extracted Lyso-Gb3 was derivatized with *o*- phthalaldehyde (OPA). Then, the OPA-derivatized Lyso-Gb3 was separated by high performance liquid chromatography (HPLC), followed by fluorometric quantification. Chromatographic separation was performed on a Unison UK-C18 column (75 × 4.6 mm; Imtakt, Kyoto, Japan) with a mobile phase of methanol/water (85/15, v/v). A calibration curve for Lyso-Gb3 was prepared by the addition of authentic Lyso-Gb3 (Sigma) to plasma.

2.5. Statistical analysis {#s0035}
-------------------------

Student\'s *t* test was performed using Excel 2013 (Microsoft, Redmond, WA) to determine the difference between the classic and later-onset groups. Data are expressed as means ± standard deviation (SD) (number of trials). It was taken that there was a significant difference if p \< 0.05. To examine the distribution of the cases in each group, dot plot analysis (<http://onlinestabook.com/2/graphing-distribution/boxplot.html>) was performed.

2.6. Structural analysis of mutant GLAs {#s0040}
---------------------------------------

For characterization of the amino acid substitutions (C142Y, R112H and M296I) that lead to a considerable amount of GLA protein in plasma despite the lack or a decrease of the enzyme activity, structural analysis was performed.

The solvent-accessible surface area (ASA) value for each amino acid in the wild type GLA was calculated using ACCESS [@bb0090] to determine the locations of amino acid residues substituted in the GLA molecule.

Then, structural models of the mutant GLAs were built using TINKER (<http://dasher.wustl.edu/tinker/>) [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115]. As a template, the crystal structure of human GLA (PDB: 1R46) [@bb0120] was used, and energy minimization was performed. The root-mean-square gradient value was set at 0.05 kcal/mol ∙ Å. To determine the influence of the amino acid substitutions on the GLA structure, each mutant model was superimposed on the wild type GLA structure based on the Cα atoms, and it was defined that the structure was influenced by an amino acid substitution when the position of an atom in a mutant differed from that in the wild type structure by more than the cut-off distance (0.15 Å) based on the total root-meant-square distance (RMSD). We calculated the numbers of affected atoms in the main chain, side chain and active site (D170 and D231).

The RMSD values of all atoms in the mutant GLA structures were determined by Weiner\'s method to predict the severity of the structural changes, as described previously [@bb0125], [@bb0130], [@bb0135], [@bb0140], [@bb0145].

Then, coloring of the affected atoms in the three-dimensional structure of GLA was performed as to the distance between the wild type and mutants to determine the influence of the amino acid substitutions geographically and semi-quantitatively [@bb0150].

3. Results {#s0045}
==========

3.1. Plasma GLA activity {#s0050}
------------------------

The plasma GLA activity of the individual case examined in this study is shown in [Table 1](#t0005){ref-type="table"}, and the mean values in the different groups were calculated. The results revealed that the average GLA activity levels in the classic Fabry males, later-onset Fabry males, heterozygous Fabry females, and normal subjects were 0.7 ± 0.4 nmol/h/mL (n = 8), 1.4 ± 0.5 nmol/h/mL (n = 12), 4.3 ± 1.7 nmol/h/mL (n = 18), and 7.1 ± 1.9 nmol/h/mL (n = 30), respectively. Both the classic and later-onset Fabry males exhibited apparently lower GLA activity than the normal subjects, the average value for the classic group being lower (p \< 0.05) than that for the later-onset group. Heterozygous Fabry females showed a wide range of GLA activity, the average value being about half of the normal control mean.

3.2. GLA protein concentrations {#s0055}
-------------------------------

The plasma GLA protein concentration in the individual case is shown in [Table 1](#t0005){ref-type="table"}, and [Fig. 1](#f0005){ref-type="fig"} summarizes the results of the GLA protein assay. The average plasma GLA levels in the classic Fabry males, later-onset Fabry males, heterozygous Fabry females, and normal subjects were 0.05 ± 0.11 ng/mL (n = 8), 0.93 ± 1.12 ng/mL (n = 12), 1.80 ± 0.96 ng/mL (n = 18), and 3.46 ± 1.04 ng/mL (n = 30), respectively. Most of the Fabry males exhibited lower values than those in the control subjects, the average value for the classic group being lower than that for the later-onset group (p \< 0.05). The Fabry heterozygous females exhibited a wide range of GLA protein concentrations, the average value being about half of the normal control mean.

The relationship between the plasma GLA activity and protein concentration in Fabry patients was examined, and the results are summarized in [Fig. 2](#f0010){ref-type="fig"}. In many cases, the GLA activity was correlated to the GLA protein level. However, there were some exceptional male patients exhibiting a considerable GLA protein level (more than 0.3 ng/mL), although their GLA activity was almost completely deficient or low. They included a classic case harboring p.C142Y and five later-onset cases harboring p.R112H (two cases) or p.M296I (three cases).

3.3. Plasma Lyso-Gb3 concentrations {#s0060}
-----------------------------------

The plasma Lyso-Gb3 concentration in the individual case is shown in [Table 1](#t0005){ref-type="table"}, and [Fig. 3](#f0015){ref-type="fig"} summarizes the results of the Lyso-Gb3 assay. Normal control subjects exhibited plasma Lyso-Gb3 levels below the detection level of 2 nmol/L. On the other hand, most Fabry patients exhibited high plasma Lyso-Gb3 concentrations. The average plasma Lyso-Gb3 concentrations in the classic Fabry males, later-onset Fabry males, and heterozygous Fabry females were 64 ± 29 nmol/L (n = 8), 11 ± 17 nmol/L (n = 11), and 5 ± 6 nmol/L (n = 18), respectively. The plasma Lyso-Gb3 level in the later-onset Fabry males was lower than that in the classic Fabry males, and some patients with later-onset Fabry disease harboring p.R112H or p.M296I exhibited values below 2 nmol/L.

3.4. Structural changes of mutant GLAs {#s0065}
--------------------------------------

Structural analysis was performed for the mutant GLAs in cases exhibiting a considerable plasma GLA protein level (i.e., those with C142Y, R112H, and M296I), and the results of coloring of the affected atoms in the mutant GLAs with these amino acid substitutions are shown in [Fig. 4](#f0020){ref-type="fig"}.

### 3.4.1. C142Y {#s0075}

C142 is located near the catalytic residues (D170 and D231) and forms a disulfide bond with C172. The calculation revealed that the ASA value, the RMSD value, and the numbers of atoms affected in the main chain, side chain and active site due to C142Y were 93.1 Å^2^, 0.046 Å, 18, 25, and 9, respectively. As shown in [Fig. 4](#f0020){ref-type="fig"}A, the affected atoms are located near the active site. These results suggest that C142 is exposed and the amino acid substitution of Tyr for Cys at this position causes a moderate structural change on the surface of the molecule that affects the active site.

### 3.4.2. R112H {#s0080}

R112 is located on the loop between the β-strand (88--90) and the α-helix (116--126) comprising the (β/α)~8~ barrel structure, the N-terminal domain of GLA, and its side chain has two hydrogen bonds with the backbone oxygen atoms of I64 and C94. The ASA value, RMSD value, and numbers of atoms affected in the main chain, side chain and active site due to R112H were 34.7 Å^2^, 0.082 Å, 70, 70, and 0, respectively. As shown in [Fig. 4](#f0020){ref-type="fig"}B, the affected atoms are located on the surface region around R112. These results suggest that R112 is half-exposed and R112H causes a relatively large structural change on the molecular surface of GLA but does not affect the active site.

### 3.4.3. M296I {#s0085}

M296 is located on the β-strand (294--296) of the (β/α)~8~ barrel structure of GLA. Previously, we reported that the M296I amino acid substitution causes a small structural change localized to "the molecular surface" [@bb0070]. Recalculation in this study revealed that the ASA value, RMSD value, numbers of atoms affected in the main chain, side chain and active site were 0 Å^2^, 0.018 Å, 5, 12, and 0, respectively. As shown in [Fig. 4](#f0020){ref-type="fig"}C, affected atoms are located both in the core of GLA and on the molecular surface. These results suggest that M296 is buried and M296I causes a small structural change in small restricted region from the core to the surface, and it does not affect the active site.

4. Discussion {#s0070}
=============

To investigate the biochemical heterogeneity of Fabry disease, a comprehensive study on the enzyme responsible for the disease and the accumulated substrates involved in the pathogenesis will be important. In this study, we analyzed the enzyme activity and protein concentration of GLA, and the Lyso-Gb3 level, which has recently been paid attention as a biomarker of this disease [@bb0060], [@bb0065], [@bb0085], [@bb0155], [@bb0160], in plasma samples from Fabry patients with various GLA gene mutations. There are few reports describing plasma GLA concentration [@bb0165], because plasma GLA protein level is low and it is difficult to determine the small amount of GLA proteins in Fabry patients and compare their levels by ordinary enzyme-linked immunosorbent assaying. Recently, we established a high-sensitive immuno-PCR method for measurement of GLA protein [@bb0080] and used it in this study. The results of the analysis revealed that both the enzyme activity and GLA protein level were apparently decreased in many patients with Fabry disease, and that the GLA activity was correlated with the protein level in these cases. Considering the mutations that the cases harbored, it is predicted that a biosynthetic defect of GLA (IVS3-1G \> A, c.1033_1034delTC, c.85delG, and IVS4 + 919G \> A) or a defect of protein folding followed by excessive degradation (p.R112C, p.G147E, p.I253T, p.R301Q, p.M96I, p.N215S, p.Q279E, and p.A20P) is involved in their pathogenesis, and the residual GLA protein level would determine the accumulation of substrates including Lyso-Gb3 and the severity of the disease. However, there are some exceptional cases (i.e., ones harboring p.C142Y, p.R112H or p.M296I) exhibiting a considerable amount of GLA protein despite the lack or a decrease of the enzyme activity.

Therefore, structural analysis of mutant GLAs with these amino acid substitutions was performed. In C142Y, the Tyr residue substituted is thought to prevent a galactose residue of a substrate entering the active site pocket, although the structural change due to C142Y is moderate. Therefore, the mutant GLA with C142Y completely loses the enzyme activity even if the translated GLA protein partially escapes degradation before reaching the lysosomes, which leads to the classic phenotype. Previously, transient expression of GLA cDNA in COS-1 cells was performed, and the results revealed about half the normal level of GLA with C142Y, but the catalytic activity was completely lost [@bb0170]. This supports the results of this study. The structural analysis revealed that R112H causes a relatively large structural change on the molecular surface, and M296I a small one in a small restricted region from the core to the surface, both changes being far from the active site. In these cases, not only a folding defect followed by partial degradation but also degeneration of the enzyme would be involved in the pathogenesis of the disease. The degenerated GLA proteins exhibiting small and residual activity remain and probably facilitate the degradation of Lyso-Gb3 in plasma, although it may be not enough for complete cleavage of the substrates in organs, leading to the later-onset phenotype.

In conclusion, we analyzed and assessed the relation between the plasma GLA activity, GLA protein concentration and accumulation of Lyso-Gb3 in Fabry patients with various gene mutations including p.R112H and p.M296I. The results revealed that the mechanisms underlying this disease are heterogeneous and complex, and the information obtained from this comprehensive study will be useful for elucidation of the basis of Fabry disease.
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![Coloring of the atoms in the three-dimensional structure of GLA influenced by amino acid substitutions. (A) C142Y, (B) R112H, and (C) M296I. The backbone of GLA is represented as a ribbon model, and the distribution of the influenced atoms in each mutant GLA is shown. The influenced atoms are indicated as small spheres and their colors show the distances between the mutant and wild type ones, as follows: blue \< 0.15 Å, 0.15 Å ≤ cyan \< 0.30 Å, 0.30 Å ≤ green \< 0.45 Å, 0.45 Å ≤ yellow \< 0.60 Å, 0.60 Å ≤ orange \< 0.75 Å, and red ≥ 0.75 Å. The substituted residues and catalytic residues are presented as a CPK model and blue spheres, respectively.](gr4){#f0020}

###### 

Summary of Fabry patients examined and the results of the biochemical analyses.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Phenotype[a](#tf0005){ref-type="table-fn"}   Case no.   Age (y)            Genotype       References[b](#tf0010){ref-type="table-fn"}   GLA activity\    GLA protein\       Lyso-Gb3\
                                                                                                                                          (nmol/h/mL)      (ng/mL)            (nmol/L)
  -------------------------------------------- ---------- ------------------ -------------- --------------------------------------------- ---------------- ------------------ -----------
  Classic Fabry male                           1          44                 IVS3-1G \> A   [@bb0175]                                     0.6              0.00               103

  2                                            46         p.E66Q + p.I354K   [@bb0180]      1.6                                           0.00             71                 

  3                                            32         c.1033_1034delTC   [@bb0185]      0.6                                           0.00             84                 

  4                                            43         p.R112C            [@bb0190]      0.8                                           0.01             62                 

  5                                            11         c.85delG           --             0.6                                           0.01             36                 

  6                                            23         p.G147E            --             0.4                                           0.02             91                 

  7                                            71         p.I253T            --             0.8                                           0.03             22                 

  8                                            5          p.C142Y            [@bb0170]      0.4                                           0.33             44                 

  Later-onset Fabry male                       9          62                 p.R301Q        [@bb0195]                                     1.0              0.08               15

  10                                           28         p.M96I             --             1.0                                           0.14             10                 

  11                                           60         p.N215S            [@bb0200]      1.0                                           0.16             4                  

  12                                           NA         p.Q279E            [@bb0205]      1.4                                           0.16             NA                 

  13                                           NA         IVS4 + 919G \> A   [@bb0210]      1.4                                           0.23             18                 

  14                                           NA         IVS4 + 919G \> A   [@bb0210]      1.2                                           0.24             10                 

  15                                           NA         p.A20P             [@bb0215]      1.6                                           0.24             3                  

  16                                           14         p.R112H            [@bb0220]      1.2                                           1.26             5                  

  17                                           61         p.M296I            [@bb0070]      3.0                                           1.43             \< 2               

  18                                           45         p.R112H            [@bb0220]      1.4                                           1.54             \< 2               

  19                                           11         p.M296I            [@bb0070]      1.2                                           2.05             \< 2               

  20                                           54         p.M296I            [@bb0070]      1.6                                           3.71             \< 2               

  Heterozygous Fabry female                    21         59                 p.R227X/WT     [@bb0200]                                     2.4              0.46               12

  22                                           36         p.M96I/WT          --             0.6                                           0.62             21                 

  23                                           34         p.M42V/WT          [@bb0225]      4.4                                           0.63             7                  

  24                                           58         p.M96I/WT          --             2.6                                           0.81             4                  

  25                                           63         p.M96I/WT          --             3.8                                           1.12             9                  

  26                                           28         p.W245X/WT         [@bb0230]      4.8                                           1.12             6                  

  27                                           56         p.P210L/WT         --             6.4                                           1.42             3                  

  28                                           57         p.W245X/WT         --             3.0                                           1.57             11                 

  29                                           17         p.I242T/WT         --             4.6                                           1.67             \< 2               

  30                                           49         p.R112H/WT         [@bb0220]      4.0                                           1.72             \< 2               

  31                                           31         p.M296I/WT         [@bb0070]      6.8                                           1.77             \< 2               

  32                                           41         p.P210S/WT         --             6.8                                           1.99             \< 2               

  33                                           17         p.G43V/WT          [@bb0235]      5.8                                           2.05             2                  

  34                                           67         p.R112H/WT         [@bb0220]      5.0                                           2.59             \< 2               

  35                                           70         p.M296I/WT         [@bb0070]      3.2                                           2.86             \< 2               

  36                                           41         p.W47R/WT          --             2.6                                           3.15             10                 

  37                                           33         p.M296I/WT         [@bb0070]      5.6                                           3.34             \< 2               

  38                                           31         p.M296I/WT         [@bb0070]      4.6                                           3.49             \< 2               

  Control[c](#tf0015){ref-type="table-fn"}     --         --                 WT                                                           7.1 ± 1.9 (30)   3.46 ± 1.04 (30)   \< 2 (30)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

NA: not available.

The phenotypic classification of each case was performed on the basis of clinical manifestations, the results of family studies and gene analysis.

References reporting the Fabry cases examined or information about the gene mutations.

Data are basically expressed as means ± SD (n).
